abstract: The integrity of the paternal genome is essential as the spermatozoon can bring genetic damage into the oocyte at fertilization and contribute to the development of abnormal pregnancy outcome. During the past two decades, many assays have been developed to measure sperm DNA strand breaks, chromatin structure and compaction and assess the proteins associated with the DNA, as well as epigenetic modifications. Using these assays, it has been shown that exposure to physical agents or chemicals, including therapeutic drugs and environmental toxicants, can affect the integrity of sperm chromatin, inducing structural, genetic and/or epigenetic abnormalities. The mechanisms by which such damage is triggered are still largely unresolved and the susceptibility of each individual will depend on their genetic background, lifestyle and exposure to various insults. Depending on the nature of the chemicals, they may directly target the DNA, induce an oxidative stress, or modify the epigenetic elements. The significance of measuring the sperm chromatin integrity comes from the fact that this end-point correlates well with the low IVF and ICSI outcomes, and idiopathic infertility. Nevertheless, it is hard to establish a direct link between the paternal sperm chromatin integrity and the health of the future generations. Thus, it seems essential to undertake studies that will resolve the impact of chemical and environmental factors on chromatin structure and epigenetic components of human spermatozoa and to elucidate what sperm nuclear end-points are predictors of the quality of progeny outcome.
Introduction
Concern about the damage that environmental exposures may inflict on sperm chromatin dates back at least to the period immediately after the Second World War, when large numbers of men were exposed to high levels of radiation (Neel et al., 1990) . The WHO (1999) has developed standard semen parameters to assess whether a male can be considered fertile or infertile; these include sperm count, motility and morphology, but these parameters are not designed to assess the quality of the sperm nuclear material. Interestingly, data demonstrating that toxicants may affect germ cell DNA in the absence of measurable effects on sperm counts, motility or even testicular histology are accumulating. Although spermatogenesis may be affected in a wide number of ways, e.g. by irradiation, alkylating agents, antihypertensives or anti-inflammatory agents, as well as environmental exposures, resulting in a decrease in sperm count or sperm with abnormal morphology or altered motility (Amory, 2007) , much less is known about how chromatin integrity is affected. Thus, it is important to question whether assessment of damage to sperm DNA, and/or to other aspects of nuclear integrity, e.g. DNA methylation, histones or microRNAs, should be used as a marker of sperm quality. We will review briefly some of the major assays that have been developed recently to assess the sperm nuclear integrity, discuss selected examples of how xenobiotics can affect sperm chromatin, highlight some of the ways toxicant-mediated action on sperm can affect subsequent generations and present some of the many gaps we still have in our understanding of these processes.
Assessing sperm nuclear integrity
Many new techniques have been developed during the past two decades to assess the sperm nuclear integrity. Such techniques, using both microscopy-and flow cytometry-based analyses, evaluate sperm DNA integrity ( Fig. 1 ) and sperm chromatin (Fig. 2) quality. DNA integrity can be measured with respect to chromosomal aberrations (fluorescent in situ hybridization (FISH)) and DNA strand breaks (single-cell gel electrophoresis assay (COMET), terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assays) (Fig. 1 ). In addition, chromatin structure can be evaluated indirectly (acridine orange; sperm chromatin structure assay (SCSA & )) with respect to the amount of protamination and compaction (CMA3, mBBr assays) as well as the proteins associated with the DNA (1 or 2D gels, proteomics). Moreover, techniques have been developed to assess the epigenetic components of sperm (Figs 1 and 2).
Assessing sperm DNA integrity
Numerical and structural chromosomal abnormalities in male germ cells may be the cause of infertility and/or genetic defects in the offspring. The human sperm karyotype was first analysed after crossspecies fertilization with golden hamster oocytes (Martin et al., 1991) ; using this approach, the frequencies of aneuploidy and structural abnormalities in the human sperm were found to be 3-4 and 5%, respectively. FISH techniques now permit the detection of such abnormalities directly in spermatozoa (Fig. 1) , without the Figure 1 Assays to measure DNA integrity and DNA methylation in sperm. Sperm DNA strand breaks can be visualized by the single-cell gel electrophoresis assay (COMET) and the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays. Chromosomal aberrations, such as aneuploidy, can be measured by the observation of specific fluorescent chromosomal probes using a fluorescence microscope. DNA methylation status (methyl groups are indicated by red circles) can be detected through bisulfite sequencing or the properties of methylation sensitive enzymes followed by PCR (quantitative analysis of DNA methylation by real-time PCR, qAMP) or 2D gels (restriction landmark genomic scanning for methylation, RLGS).
Figure 2
Assays to measure sperm chromatin quality. Sperm chromatin is highly organized; sperm DNA is bound to protamines that contain disulfide bonds. The susceptibility of sperm chromatin to denaturation treatment can be measured by the acridine orange assay (sperm chromatin assay, SCSA&), where the dye fluoresces green when it binds to double-stranded DNA and red to single-stranded DNA. The amount of protamines, as well as the compaction of the chromatin, can be measured indirectly by fluorescent labeling with the CMA3 or the mBBr dyes, respectively. The nature and amount of the protein and RNAs bound to the DNA can also be measured using several techniques.
Toxicants and human sperm chromatin integrity requirement for fertilization (Wyrobek et al., 1990; Martin, 2003) . In the FISH assay, different specifically labeled probes are used to 'paint' individual chromosomes within the same cell. The current availability of specific probes for all human chromosomes makes the FISH assay a valuable tool for the diagnosis of paternally inherited genetic diseases. Other methods detect structural aberrations and breakage by using two or three probes for the same chromosome (ACM multicolour FISH assay and CT8 FISH assays) (Wyrobek et al., 2005) .
DNA strand breaks can be induced in spermatozoa by different factors, including exposures to toxicants (Belcheva et al., 2004; Hales et al., 2005; Stronati et al., 2006; Delbes et al., 2007) , semen storage procedures (Young et al., 2003) and disease (O'Flaherty et al., 2008; Smith et al., 2006) . Double-or single-stranded breaks that are observed in mature spermatozoa may result from a deleterious effect on mitotic spermatogonia or meiotic germ cells, postmeiotic spermatids, undergoing spermiogenesis, or spermatozoa undergoing maturation in the epididymis. Toxicants may target DNA directly or indirectly, through oxidative stress (Tremellen, 2008; Aitken and De Iuliis, 2009) . Two assays are now commonly used to measure single-and/or double-stranded DNA breaks (Fig. 1) . The quantity of DNA 3 0 -OH ends can be assessed in spermatozoa using the terminal deoxytransferase-mediated dUTP nick end-labeling (TUNEL) assay in which the terminal deoxytransferase enzyme incorporates a fluorescent UTP at 3 0 -OH free ends; fluorescence increases proportionally with the number of DNA strand breaks; this can be run either as a slide-based or flow-cytometry assay (Sailer et al., 1995b) . The COMET assay evaluates DNA strand breaks in a single cell (Singh et al., 1988) . In this electrophoresis-based assay, the small, broken pieces of DNA migrate away from the DNA core of the cell, creating the tail of the COMET figure. The percentage of the DNA in the tail of the comet, as well as the tail length, is measured using specific image analysis software . Although the COMET assay has been suggested as a tool to assess the effects of specific toxicants that target germ cells, more work is needed to optimize the standardization of this technique in the sperm samples (Speit, et al., 2009) .
Assessing sperm chromatin integrity
The structure and composition of the sperm chromatin is remarkably different from that of the chromatin in somatic cells. During spermiogenesis, the majority of histones is replaced, first by transition proteins and then by protamines, small and highly basic proteins that are bound to the sperm DNA (Poccia, 1986; Oliva and Dixon, 1991; Ward and Coffey, 1991; Balhorn, 2007; Oliva, 2006) . As a result, sperm chromatin is highly compacted. During the transit of spermatozoa through the epididymis, protamines are cross-linked by the formation of disulfide bridges, resulting in an even more compacted structure (Saowaros and Panyim, 1979) . Sperm chromatin compaction is believed widely to play an important role in protecting the male genome from insult, but even the process of compaction may be a target for toxicants, some of which may preferentially affect germ cells during spermiogenesis (Codrington et al., 2004) .
A commonly used flow-cytometry-based assay, the sperm chromatin structure assay (SCSA & ) (Evenson and Wixon, 2006) , determines the susceptibility of sperm chromatin to denaturation in acid and detergent and uses acridine orange, a dye that binds to double-or single-stranded DNA, giving a green or red fluorescence, respectively (Neville and Bradley, 1961) (Fig. 2) . Measurement of fluorescence at both the wavelengths after denaturation assesses the percentage of fragmented DNA (DNA fragmentation index: DFI). This assay is the one that has been most extensively applied to studies of human infertility (Aitken and De Iuliis, 2007) . Alternatively, chromatin structure can be assessed by determining its level of compaction. Fluorometric assays (Fig. 2) have been developed to indirectly measure the amounts of protamines present (using CMA3 fluorescent dye) (Bianchi et al., 1993) or the extent to which protamines are cross-linked with disulfide bonds (using mBBr fluorescent dye) (Seligman et al., 1994) . Finally, Fernandez et al. (2005) developed a sperm chromatin dispersion test (Halosperm w kit) in which single cells embedded in agarose are lysed and acid treated. This procedure allows for the release of DNA loops, and thus, after DNA staining, a halo can be measured in cells with low levels of DNA breaks while the cells with more extensive DNA breaks show a small halo or no halo because the DNA loops do not diffuse. Even though the results obtained using this technique have been correlated with double-stranded breaks, it is not a direct measure of DNA breaks but a reflection of the overall chromatin structure.
The specific chromatin structure of the sperm is essential for proper fertility and is, in part, due to the proteins that are bound to the DNA, including the protamines, histones and components of the nuclear matrix (Kramer and Krawetz, 1996; Ward et al., 1999) . With the recent advances in proteomics technology, using one-or twodimensional SDS PAGE gels coupled with mass spectrometry, various components of the sperm are being identified; a database listing thousands of proteins in the spermatozoa has been reviewed recently (Oliva et al., 2009) . This, in turn, increases our knowledge of the sperm chromatin structure composition, but also opens the possibility of new criteria to be looked at when assessing the sperm quality.
There is increasing interest in the role of the sperm epigenome as a determinant of embryo fate, progeny development and a potential target for toxicants (Carrell et al., 2008) . DNA methylation is one of the major epigenetic marks established during spermatogenesis (Trasler, 2009) . Indeed, a recent study showed a unique DNA methylation profile in mature sperm compared with somatic cells (Oakes et al., 2007a) . New techniques are available to investigate the targeting of imprinted genes (quantitative analysis of DNA methylation by realtime PCR, qAMP) or global methylation status (restriction landmark genomic scanning for methylation, RLGS) in spermatozoa (Oakes et al., 2006 (Oakes et al., , 2007a (Fig. 1) .
Chemical modifications to histones that are retained in the mature sperm are also of considerable interest (Fig. 2) . Although histones appear to be absent in the rat sperm, nucleohistones are still present in the human and the mouse sperm; indeed, 15% of the histones remain in the mature human spermatozoa (Gatewood et al., 1987) ; the distribution of these histones within the sperm nucleus may have an important impact on function.
Indeed, there is evidence that chromatin associated with histones corresponds to specific sequences (Gatewood et al., 1987) , suggesting that heterogeneity in the organization of the sperm nucleus may be the basis for male epigenetic information (Rousseaux et al., 2005; Arpanahi et al., 2009; Hammoud et al., 2009 ). More research focused on understanding the precise structure of the sperm chromatin is needed to be able to assess the changes in the 'histone code' that are related to infertility or due to toxicant exposure.
Another epigenetic mechanism involves small RNAs. It is now well established that various RNAs accumulate in the sperm nucleus: mRNAs, piRNAs, antisense and miRNAs (reviewed in Dadoune, 2009) . The role of the micro-and piRNAs is still being investigated by several groups, but they clearly appear to play an essential role in spermatogenesis (reviewed in He et al., 2009 ) and sperm can transmit these RNAs to the oocyte at fertilization (Ostermeier et al., 2004) . Overall, these data strongly suggest that an effort is required to study the sperm RNAs in infertile patients as well as after toxicant exposure.
Thus, complementary assays are available to determine the extent to which the genetic or epigenetic integrity of spermatozoa may be affected by toxicants. While few of these assays have been standardized sufficiently, some data have accumulated demonstrating an association between genetic or epigenetic damage and fertility or progeny outcome (Doerksen and Trasler, 1996; Oakes et al., 2003; Schmid et al., 2004) . Unfortunately, there remain wide variations in results obtained for some of these assays when they are done in different laboratories. Correlations between these assays have been described , suggesting that they can be redundant. Nevertheless, because of the lack of knowledge and the complexity of the sperm nuclear structure, it is extremely difficult to prioritize one assay versus another. Depending on the nature of the toxicants and/or the mixture of compounds that one individual will have been exposed to during his lifetime, the consequences on the sperm DNA and chromatin structure remain unpredictable. This difficulty is compounded by the fact that the susceptibility of an individual to toxicant exposure is likely to vary depending on his genetic background, age, occupation and lifestyle. Each of the techniques developed to assess sperm chromatin integrity has its own specificity and limitations. Although some investigators argue that one assay is currently the most sensitive or the most accurate method of detecting damage in the mature human sperm, whether because it is less invasive or because the technique can analyse many cells with highthroughput (flow cytometry), it is clear that no unique test can characterize all of the various components of sperm chromatin quality. To fully understand how toxicants affect the sperm genome and epigenome, it will be essential to use complementary assays.
Effects of toxicants on sperm chromatin integrity
A wide variety of exposures to physical agents, such as irradiation or heat, or to chemicals, including therapeutic drugs, such as cancer chemotherapeutics and environmental toxicants, such as pesticides, metals or the components of tobacco smoke or air pollutants, target male germ cells. These exposures may have adverse effects on sperm production and sperm function, with the potential of transmitting a damaged male genome to subsequent generations (Table I) . At least some of these exposures directly target DNA, whereas others induce oxidative stress, in which case it is the reactive oxygen species that are generated that form DNA adducts and damage DNA (Aitken and De Iuliis, 2009 ). Interestingly, the administration of antioxidants or micronutrients, such as zinc and folic acid or vitamins, may ameliorate the effects of some of these toxicants on male germ cells (Ebisch et al., 2006; Piomboni et al., 2008; Young et al., 2008) .
Physical agents: radiation or heat
Irradiation induces sperm aneuploidy and structural chromosome aberrations, chromatin structure anomalies, as measured by the SCSA assay (Sailer et al., 1995b) ; DNA breaks, as measured by the COMET assay (Haines et al., 2002) and a higher frequency of mutations, as assessed in the expanded simple tandem repeat assay in sperm . The type of DNA damage that is observed depends on the dose of irradiation and the stage of development of the exposed germ cells (reviewed in Kamiguchi and Tateno, 2002) . Interestingly, in animal experiments, fertilization with irradiated sperm triggers a p53-dependent S-phase checkpoint in the early zygote in an attempt to suppress erroneous replication of damaged DNA (Toyoshima, 2009) . Indeed, Marchetti et al. (2007) reported that ionizing radiation of male mice during late spermatogenesis induced damage in the fertilizing sperm and that maternal genotype played a major role in determining the risks for pregnancy loss and the frequencies of offspring with chromosomal defects of paternal origin.
Heat stress causes DNA damage in germ cells in mice and men, an increase in germ cell death (as seen in TUNEL staining) and subfertility (Paul et al., 2008) . It has been suggested that increased expression of Hsp70 may protect the spermatozoa of infertile men against the DNA damage, as observed using the TUNEL assay (Erata et al., 2008) . It is likely that both irradiation and heat stress induce oxidative stress; the damage in sperm that is induced by these insults may be due, at least in part, to reactive oxygen species (Bakker et al., 2002; Ishii et al., 2005) .
Chemicals: from therapeutic drugs to environmental toxicants
Many cancer chemotherapeutic agents target DNA, so perhaps it is not surprising that the sperm from cancer patients display DNA damage, as measured by chromosomal aberrations (Tempest et al., 2008) , TUNEL, COMET, SCSA, mBBr and CMA3 assays (Codrington et al., 2004; Delbes et al., 2007; O'Flaherty et al., 2009 ) following chemotherapy. Using animal models, it has been shown that in addition to causing DNA single-and double-stranded breaks, increasing aneuploidy or altering chromatin structure, treatment with one or a cocktail of these drugs induces epigenetic changes in the DNA methylation (unpublished observation) and alters the sperm nuclear proteome (Codrington et al., 2007) . In addition to anticancer drugs, it has been suggested that treatment with selective serotonin reuptake inhibitors may be associated with an increase in sperm having DNA damage, as assessed by the SCSA assay (Safarinejad, 2008) . In vitro exposure to estradiol, by-products of estrogen metabolism, or genistein increased damage to the human sperm DNA, possibly by causing oxidative damage (Anderson et al., 2003) .
A number of studies, in humans and animal models, have linked exposures to numerous environmental chemicals to sperm DNA damage. Exposures to persistent organochlorine pollutants, such as polychlorinated biphenyls (PCB) and dichlorodiphenyldichloroethylene ( p, p'-DDE), have been associated with a deleterious impact on the sperm chromatin integrity of adult males in some populations but not others, as assessed by SCSA Kruger et al., 2008) or TUNEL assays (Stronati et al., 2006) . In other studies, the relationship between exposure to these compounds and sperm DNA damage was weak Hauser, 2008; de Jager et al., 2009) .
Among pesticides, methyl-parathion, an organophosphorus insecticide, is associated with an effect on sperm DNA integrity, probably as a result of oxidative stress Hauser, 2008; Salazar-Arredondo et al., 2008; Dadoune, 2009; Pina-Guzman et al., 2009) . Exposure to synthetic pyrethroid insecticides is also associated with increased sperm DNA damage, measured as percent DNA in the comet tail (Meeker et al., 2008 ). Yet, as recently concluded by Perry (2008) , too few epidemiological studies have been performed to draw a clear conclusion about the correlation between the pesticide exposure and the sperm DNA integrity.
There is also some controversy with respect to the relationship between exposures to phthalates, a class of chemicals with widespread general population exposure, and sperm chromatin integrity. In reviewing studies of the impact of phthalate exposures on sperm DNA damage, Hauser (2008) concluded that the urinary levels of mono-(2-ethyl-5-hydroxylhexyl) phthalate may be an accurate biomarker of sperm DNA damage but suggested that this association may be due to the poor metabolism (detoxification) of other genotoxic chemicals, rather than to the phthalates themselves.
Metals have long been regarded as male reproductive toxicants. Workers with high blood lead levels were found to have elevated sperm DNA damage (Hsu et al., 2009) . It has been suggested that lead interacts with protamine 2 to decrease its binding to DNA, altering chromatin stability (Quintanilla-Vega et al., 2000) . There is evidence that acute iron or cadmium intoxication leads to oxidative DNA damage in sperm (Wellejus et al., 2000; Manna et al., 2008) .
Air pollution represents a mix of genotoxic substances. Animal studies have recently provided evidence that air pollution, under ambient conditions, can induce germline mutations in vertebrate sperm at minisatellite and expanded simple tandem repeat loci (Somers et al., 2002) . Several recent human studies have also provided evidence for an association between ambient air pollution exposures and sperm DNA damage. For example, using the SCSA technique, significant associations were found between episodically high levels of air pollution resulting from coal combustion and sperm DNA damage in young men living in specific regions of the Czech Republic (Rubes et al., 2005 (Rubes et al., , 2007 .
In spite of the numerous studies showing an association between exposure to xenobiotics and altered chromatin in the human sperm, a central issue that has yet to be resolved is whether there is an underlying defect in sperm chromatin structure that renders the DNA more susceptible to mutation, breaks, abnormal meiotic recombination or other changes; or whether the observed chromatin abnormalities are purely a result of the exposure to xenobiotics. Use of animal Abnormal chromatin structure Human SCSA Rubes et al., 2007 models with known abnormalities in their chromatin organization, such as a deficiency in one of the protamines (Cho et al., 2001) or in histone modification (Baarends et al., 2007) , which are exposed to xenobiotics may help resolve this question.
Consequences of sperm chromatin damage
The relevance of measuring sperm chromatin quality parameters has been questioned. An increasing number of papers suggest that there is a positive correlation between the percentage of TUNEL positive spermatozoa and abnormal sperm parameters, such as motility, in humans and rodent models Delbes et al., 2007) . The percentage of DNA present in the comet tail has been correlated with age, abnormal sperm morphology and low sperm count and motility Trisini et al., 2004) . Moreover, using FISH for chromosome 1, Schmid et al. (2004) showed that infertility and oligospermia were correlated with chromosomal structural abnormalities. However, in humans, with the exception of teratozoospermia, sperm chromosomal abnormalities did not correlate with abnormal morphology or motility (reviewed in Sun et al., 2006) , showing that selecting a spermatozoon based on morphology or motility is not a good criterion of DNA integrity. This conclusion is also substantiated by our recent studies of semen analysis in cancer patients, leading us to suggest (O'Flaherty et al., 2008) that sperm count and motility are not good predictors of sperm structure and DNA quality. Thus, the relationship between standard semen parameters and DNA damage is still controversial.
Other studies have focused on the correlation between the sperm chromatin quality and assisted reproductive technology (ART) outcomes. For example, the COMET assay has been correlated with an impairment of embryo cleavage after fertilization by ICSI . In humans, the SCSA w assay was used extensively to determine the correlation of sperm DNA integrity with reproductive outcome. Semen samples with higher than 30% DFI values were prone to be associated with poor reproductive outcomes, whereas values lower than 15% DFI correlated with higher fertility status (Evenson et al., 1999) . Approximately 50% of the studies where this technology was used (by different laboratories) supported the conclusion that high DFI values predict low pregnancy rates in IVF/ICSI cycles (Makhlouf and Niederberger, 2006) . There is still controversy regarding the accuracy of SCSA w in predicting the fertility status of a given human semen sample (Payne et al., 2005; Makhlouf and Niederberger, 2006) , but this assay appears to be a useful tool to characterize a defective sperm population from infertile men since it is a predictor of infertility rather than fertility. Evenson and Wixon (2006) suggested that if a patient has a DFI .30% and .15% of immature chromatin (HDS), intrauterine insemination ought not to be considered as the treatment of choice, and other strategies, such as in vitro fertilization or intracellular sperm injection, should be considered first. Interestingly, looking at 223 couples going through ART, Lin et al. (2008) have shown that the SCSA w parameters did not correlate with fertilization and pregnancy rate but might predict spontaneous miscarriage rate. Although Ahmadi and Ng (1999) showed that the increase in DNA fragmentation in the human spermatozoa does not alter the fertilization process, as measured by a zona free hamster penetration test, studies of ART technologies from France (Benchaib et al., 2003a) and Taiwan (Huang et al., 2005) suggested that DNA fragmentation values higher than 10% were correlated with lower fertilization and embryo development rates, and that no pregnancies were obtained when the DNA fragmentation was higher than 20%. The Practice Committee of the American Society for Reproductive Medicine (2008) has concluded that 'sperm DNA damage is more common in infertile men and may affect reproductive outcomes in selected couples, including those with recurrent spontaneous miscarriage or idiopathic infertility' but that 'currently, there is no proven role for routine DNA integrity testing in the evaluation of infertility.' Moreover, it has been suggested recently that the level of DNA methylation does not correlate with fertilization but with pregnancy rate after IVF (Benchaib et al., 2003b) . Taken together, these data suggest that spermatozoa containing DNA breaks are able to fertilize, but that there may be deleterious effects on embryo development.
The link between the sperm chromatin integrity damage induced by human occupational or therapeutic exposures and progeny outcome has proven even more difficult to establish. For example, although it is clear that sperm chromatin integrity is adversely affected by the radiotherapy and chemotherapeutics used to treat cancer, there is little evidence for an impact on the health of their offspring (Winther et al., 2009 ). Failure to detect such a relationship may be a consequence of inadequate sample sizes. From animal studies, it is clear that paternal exposure to either irradiation or anti-cancer drugs results in sperm with altered chromatin integrity and impacts on progeny outcome that are manifested as an increase in pre-and post-implantation loss, external malformations and altered behavior, not only in the F1 generation but also in subsequent generations Trasler et al., 1986; Auroux et al.,1990; Crews et al., 2007) . There is increasing evidence that sperm with DNA damage are capable of fertilizing an oocyte (Marchetti et al., 1999) that has the ability to recognize the damage and initiate a stress or repair response (Barton et al., 2007; Derijck et al., 2008; Toyoshima, 2009) , and that failure of this response to adequately repair damage will have adverse consequences on embryo development, potentially both prior to and after implantation. It is possible that the high rate of spontaneous miscarriage in human populations prevents the recognition of any relationship between effects of common exposures on sperm chromatin quality and an increase in abnormal pregnancy.
Finally, abnormalities in the development of embryos sired by males having an altered methylation pattern in their sperm due to treatment with 5-azacytidine (Doerksen and Trasler, 1996; Oakes et al., 2007b) strongly suggest that DNA methylation may be related to infertility and progeny outcome. We do not yet have a handle on the extent to which external factors (drugs, environmental exposures) can modulate the histone composition of sperm nuclei or the range and nature of pi-and microRNAs found therein. Using animal models, it is possible to correlate sperm DNA damage with traditional parameters of progeny outcome that are used in developmental toxicity studies, such as litter size, pre-and post-implantation loss, and external or internal malformations. Nevertheless, such parameters are not sensitive enough to predict the potential impact of the exposure to drugs or environmental factors on post-natal and adult end-points such as neurodevelopment, immune competency or normal reproductive function, some of which may be expected outcomes as a consequence of epigenetic modifications. Although it is important to initiate studies to assess the impact of chemical and environmental factors on epigenetic elements of the human spermatozoa, developing reliable assays that can accurately predict whether progeny will be affected in the highly variable human sperm population will be a major challenge during the coming decade.
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